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Edited by Jesus AvilaAbstract Calcium/calmodulin-dependent protein kinase II
(CaMKII) plays a crucial role in mediating calcium signaling.
Here, we demonstrate a method for screening substrates phos-
phorylated by human CaMKIId using a wheat cell-free system.
The cell-free mixture expressing CaMKIId was incubated with
HeLa extracts and radiolabeled ATP. From analysis of two-
dimensional electrophoresis gels and mass spectrometry, two
proteins were found. The cell-free based in vitro kinase assay re-
vealed that CaMKIId phosphorylates eukaryotic translation ini-
tiation factor 4B and stress-induced phosphoprotein 1 (STIP1),
the latter on Ser189. Furthermore, constitutively-active CaM-
KIId phosphorylated STIP1 in HeLa cells and dramatically pro-
moted nuclear localization of STIP1, suggesting that calcium
signals via CaMKIId may regulate subcellular localization of
STIP1. This approach may be a useful tool for target screening
of protein kinases.
Structured summary:
MINT-6538664: CAMK2D (uniprotkb:Q13557) phosphory-
lates (MI:0217) STIP1 (uniprotkb:P31948) by protein kinase
assay (MI:0424)
MINT-6538652: CAMK2D (uniprotkb:Q13557) phosphory-
lates (MI:0217) EIF4B (uniprotkb:P23588) by protein kinase
assay (MI:0424)
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
KeywordsCell-free protein synthesis; Protein kinase;
Phosphorylation; Substrate screening; Calcium/calmodulin-
dependent protein kinase II; Stress-induced phosphoprotein 1Abbreviations: CaMKIId, calcium/calmodulin-dependent protein ki-
nase II delta; DHFR, dihydrofolate reductase; 2-DE, two-dimensional
gel electrophoresis; MALDI-TOF-MS, matrix-assisted laser desorp-
tion/ ionization time-of-ﬂight mass spectrometry; bls, biotin ligation
site; STIP1, stress-induced phosphoprotein 1; eIF4B, eukaryotic
translation initiation factor 4B; mSTI1, murine stress-inducible protein
1; CA, constitutively active; KD, kinase dead
*Corresponding authors. Address: Cell-free Science and Technology
Research Center, Ehime University, Matsuyama 790-8577, Japan.
Fax: +81 89 927 9941.
E-mail addresses: yendo@eng.ehime-u.ac.jp (Y. Endo), sawasa-
ki@eng.ehime-u.ac.jp (T. Sawasaki).
0014-5793/$34.00  2008 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2008.04.0601. Introduction
Calcium, Ca2+, is one of the most important signals in
eukaryotic cells and induces many biochemical protein func-
tions [1]. Multifunctional Ca2+/calmodulin-dependent protein
kinase II (CaMKII) is a major mediator of Ca2+ signaling that
translates elevation of intracellular Ca2+ level into phosphory-
lation of target proteins that participate in a wide range of cel-
lular functions including fertilization, proliferation,
diﬀerentiation, learning and memory. Four isoforms (a, b, c
and d) of CaMKII are found in mammalian genomes [2].
The c and d isoforms are ubiquitously expressed in most tis-
sues, whereas the a and b isoforms are found abundantly in
brain. The identiﬁcation of substrate proteins of CaMKII
would be useful in understanding molecular regulatory mech-
anisms by Ca2+ and phosphorylation signaling.
One of the simple biochemical approaches to identifying ki-
nase substrates is to incubate protein kinase with cell extracts,
and then to analyze the phosphorylated proteins by two-
dimensional electrophoresis (2-DE) [3]. The advantage of this
method is that it can screen thousands of natural substrates
in the cell. However, it is often diﬃcult to prepare suﬃcient
functionally active kinases for the biochemical analysis be-
cause conventional recombinant protein production technolo-
gies, as represented by Escherichia coli cells, cannot produce
those proteins that aﬀect the physiology of the host cell. In
addition, the cell-based protein production systems require
the high quality puriﬁcation of protein kinase for the screening
because they have high phosphorylation activities of endoge-
nous protein kinases. However, the quality control is one of
the most time-consuming steps. We developed a wheat germ
cell-free protein production system [4–7], and recently have
successfully produced over 400 eukaryotic protein kinases
[8,9]. Furthermore, the wheat cell-free system had very low
activities of endogenous protein kinases [10]. Taking advan-
tage of this feature, we attempted to identify substrates of
CaMKIId (CaMKIId) in HeLa cells by mixing of the HeLa
cell extracts and the wheat cell-free extracts expressing CaM-
KIId. Two phosphorylated proteins were identiﬁed by ma-
trix-assisted laser desorption/ionization time-of-ﬂight mass
spectrometry (MALDI-TOF-MS) after separation on 2-DE
gel. Conﬁrmation of protein phosphorylations and identiﬁca-
tion of phosphorylation site were investigated by an in vitro ki-
nase assay based on the cell-free system. The biological
signiﬁcance of the phosphorylation site was substantiated
by cotransfection analysis. From these studies, we haveblished by Elsevier B.V. All rights reserved.
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and eukaryotic translation initiation factor 4B (eIF4B) as novel
substrates of CaMKIId, and also could present a simple way
to identify substrates of protein kinase using the crude kinase
expressed in the cell-free system.2. Materials and methods
2.1. General
Details of the following procedures have been either described or ci-
ted previously [4–9]: generation of DNA template by PCR using split-
primers, synthesis of mRNA, protein synthesis in parallel, estimation
of amount of protein synthesized by means of densitometric scanning
of the Coomassie brilliant blue (CBB)-stained band and autoradiog-
raphy. The wheat germ extract was purchased from CellFree Sciences
Co. (Yokohama, Japan).
2.2. Plasmid construction
Three genes, CaMKIId (GenBank accession number AF071569),
STIP1 (gi:5803180) and eIF4B (gi:18146613) were ampliﬁed from com-
mercially available human cDNA (biochain, Hayward, CA) or cDNAs
from HeLa cells by PCR with LA Taq polymerase (TakaraBIO, Otsu,
Shiga) and primers (5 0-GAGACTCGAGATGGCTTCGACCACC-
ACCTG and 5 0-GAGAGGATCCTCAGATGTTTTGCCACAAAG
for CaMKIId, 5 0-CCACCCACCACCACCAATGGAGCAGGTC-
AATGAG and 5 0-TCACCGAATTGCAATCAG for STIP1, 5 0-
CCACCCACCACCACCAATGGCGGCCTCAGCAAAAAAG and
5 0-CTATTCGGCATAATCTTCTCCC for eIF4B,), and then inserted
into pT7blue vector (Merck). FLAG-STIP1 was ampliﬁed by PCR and
cloned into pcDNA3.1()(Invitrogen). The point mutants of eIF4B
(S93A, S422A, S425A, S498A, S504A, S597A), STIP1 (S189A,
T198A), constitutively active (CA) CaMKIId (T287D) and kinase
dead (KD) CaMKIId (T287D, K43M) were generated by PCR muta-
genesis using the Quikchange mutagenesis method (Stratagene, La Jol-
la, CA).
2.3. Construction of transcriptional template and in vitro transcription
Construction of CaMKIId transcriptional template by split-primer
PCR and in vitro transcription were performed as described [7]. Tran-
scriptional templates of STIP1, eIF4B and their mutants were con-
structed in fusion forms containing a biotin ligation site (bls) at the
N-terminus (that is essential for protein biotinylation) [10] using the
split primer PCR method with E01-bls-S1 (5 0-GGTGACACTATA-
GAACTCACCTATCTCTCTACACAAAACATTTCCCTACATAC-
AACTTTCAACTTCCTATTATGGGCCTGAACGACATCTTCG-
AGGCCCAGAAGATCGAGTGGCACGAACTCCACCCACCAC-
CACCAATG) primer instead of primer-2.
2.4. Wheat germ cell-free protein production
Proteins were synthesized in a dialysis cup (molecular weight cutoﬀ
12000; Biotech International) overnight using published protocols [7].
SDS–PAGE with CBB staining was used to determine target protein
yields (total, soluble and pellet fractions). Synthesized CaMKIId
was exchanged into phosphoreaction buﬀer (50 mM Tris–HCl, pH
7.5, 10 mM MgCl2, 0.5 mM DTT) using G-25 spin columns (Amer-
sham). In vitro transcription and cell-free protein synthesis based on
bilayer reaction mode were performed as described [6]. The biotinyla-
ted proteins were obtained as described previously [10].
2.5. Screening of CaMKIId substrate and 2-DE
HeLa cells (1 · 107) were harvested by centrifugation and sus-
pended in 100 ll of extraction buﬀer (50 mM Tris–HCl, pH 7.5,
1 mM EDTA, 6 mM beta-mercaptoethanol). The mixture was lysed
using the freeze–thaw method. After centrifugation for 15 min at
20000 · g the supernatant was exchanged into phosphoreaction buﬀer
using a G-25 spin column. HeLa cell extracts (20 ll) were pre-incu-
bated in 7 ll of crude CaMKIId (or dihydrofolate reductase (DHFR)
as a control), 100 lM ATP, 7 ll of 5· activation buﬀer (containing
5 mM CaCl2, 5 lM calmodulin from human brain (ALEXIS corpora-
tion, Lausen, Switzerland), 0.1 mg/ml BSA) and 2 ll of 5· phosphore-
action buﬀer at 30 C for 20 min. 370 kBq of [c-32P] ATP (ICN) wasthen added to the reaction mixture (35 ll of total volume) and incu-
bated at 30 C for 30 min. Following the reaction, proteins were sepa-
rated on 2-DE gel. First-dimension isoelectric focusing was performed
using pH 3–10 immobilized pH gradient (IPG) strips (Bio-Rad). IPG
strips were rehydrated in rehydration buﬀer (9.8 M Urea, 0.5%
CHAPS, 10 mM DTT) and reaction mixtures were focused at
4000 V and 25 l Amax/gel for 30000 V h. After isoelectric focusing,
IPG strips were washed for 5 min with equilibration buﬀer (6 M Urea,
2% SDS, 0.375 M Tris–HCl, pH 8.8, 20% glycerol, 130 mMDTT) four
times and then IPG strips were applied to the second-dimension 12.5%
SDS–PAGE. Finally, we determined which proteins were phosphory-
lated by gel image analysis of CBB staining and autoradiograms by
BAS-2500 (FUJIFILM, Tokyo, Japan).
2.6. Identiﬁcation of phosphorylated protein by MALDI-TOF-MS
After 2-DE gel image analysis, two protein spots were selected, and
analyzed by peptide mass ﬁngerprinting using MALDI-TOF-MS and
database searching (MS-Fit). The peptide mass ﬁngerprinting was per-
formed by Promega Corporation.
2.7. In vitro phosphorylation assay
To obtain puriﬁed CaMKIId of wildtype, CA or KD form, GST-
TEVsite-CaMKIId fused genes were inserted into pEU3b vector [7]
and were used for the cell-free system as described above. The GST-fu-
sion proteins were puriﬁed on Glutathione Sepharose 4B (Amersham),
and then the CaMKIId proteins were recovered by on-column cleav-
age using AcTEV protease (Invitrogen) which cleaves at the TEVsite.
Cell-free synthesized bls-STIP1 and bls-eIF4B were biotinylated by
the cell-free BirA system [10], and 20 ll of each biotinylated protein
coupled to 10 ll of MagneSphere Strept beads (Promega) and incu-
bated at 26 C for 1 h. After incubation, protein-coupled beads were
washed three times with phosphoreaction buﬀer and then incubated
the beads with 200 ng of puriﬁed recombinant CaMKIId, 3 ll of 5·
activation buﬀer, 3 ll of 5· phosphoreaction buﬀer and 37 kBq of
[c-32P]ATP in a total volume of 15 ll at 30 C for 20 min. After reac-
tion, the beads were washed three times with 1· PBS(), then boiled in
sample buﬀer (50 mM Tris–HCl, pH 6.8, 2% SDS, 1% 2-mercap-
toethanol, 0.004% bromophenol blue) and separated by 12% poly-
acrylamide gels. Phosphorylation was visualized by autoradiography.
2.8. Cell culture, transient transfections
HeLa cells were cultured in Dulbeccos modiﬁed Eagles medium
supplemented with 10% fetal bovine serum and 1% penicillin
(100 mg/ml)/streptomycin (50 lg/ml). Transient transfections were car-
ried out using Eﬀectene Transfection Reagent (QIAGEN). Twenty-
four hours after transfection, the cells were lysed and subjected to
SDS–PAGE. Mobility shift detection of phosphorylated proteins was
performed using phos-tag acyrylamide gel (Nard Institute Inc., Ama-
gasaki, Japan) according to the manufactures instruction and then
analyzed by immunoblotting with anti-FLAG M2 antibodies (SIG-
MA).
2.9. Fluorescence imaging
HeLa cells on coverslips were transfected with FLAG-STIP1 and co-
transfected with empty vector (EV), CA or KD mutants of CaMKIId
using Eﬀectene Transfection Reagent (QIAGEN), according to the
manufacturers instructions. Twenty-four hours after transfection,
the cells were ﬁxed with 3% formaldehyde and washed with PBS,
and were immunostained with anti-FLAG M2 antibody (SIGMA)
and then 4 0,6-diamidino-2-phenylindole (DAPI). After washing with
PBS, slides were visualized under a ﬂuorescent microscope (Olympus,
Tokyo, Japan) as described previously [11].3. Results
3.1. Cell-free protein synthesis of CaMKIId and measurement of
product quality
In order to assess the quality of the cell-free synthesized pro-
tein, we measured the amount, solubility and phosphorylating
activity of CaMKIId. The amount and solubility of the CaM-
KIId as estimated from densitometric scanning of the bands
Fig. 1. Production and solubility of cell-free synthesized CaMKIId
and autoradiograms of CaMKIId reactions. (A) Cell-free translation
products were separated by SDS–PAGE and stained with CBB. T, S
and P, respectively, mark total translation product, the supernatant
fraction after centrifugation at 30000 · g for 15 min and precipitate.
Asterisks mark the synthesized proteins. (B) HeLa cell extracts were
incubated with CaMKIId, Ca2+ and calmodulin at 30 C for 20 min in
the presence of [c-32P]ATP, then the reaction mixture separated by
SDS–PAGE. (C) Reaction mixtures were separated by 2-DE gel and
the phosphorylated proteins detected by autoradiography to determine
the candidate CaMKIId substrates.
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tigated whether the wheat cell-free extract expressing CaM-
KIId (crude CaMKIId) could phosphorylate proteins in the
HeLa cell extracts with or without Ca2+/calmodulin in the
presence of radiolabeled ATP. The phosphorylation was de-
tected by autoradiography after SDS–PAGE. Protein phos-
phorylation in HeLa cell extracts was dramatically induced
by addition of CaMKIId and Ca2+/calmodulin (Fig. 1B).
These results indicate that the wheat cell-free system could syn-
thesize the CaMKIId in a folded state and that phosphorylat-
ing activity is strongly enhanced by supplementing with Ca2+/
calmodulin without a puriﬁcation step. Interestingly four pro-
tein bands of 90 kDa, 64 kDa, 50 kDa and 43 kDa were
strongly phosphorylated by CaMKIId. The phosphorylating
activity of CaMKIId in the absence of both Ca2+ and calmod-
ulin indicates that there is partial activation by Ca2+/calmodu-
lin from HeLa cells and/or wheat germ extracts. In contrast,
the addition of the wheat extract expressing DHFR (crude
DHFR), as a control, had no signiﬁcant inﬂuence on protein
phosphorylation even in the presence of Ca2+/calmodulin,
indicating that the endogenous kinase activity in the wheat ex-
tract is low, and the wheat germ cell-free system is suitable for
screening of substrate proteins phosphorylated by CaMKIId.3.2. Identiﬁcation of CaMKIId substrate proteins
The substrate screening was conducted by mixing crude
CaMKIId with HeLa cell extracts and [c-32P] ATP followed
by 2-DE gel. The total protein spots and the phosphorylated
spots by CaMKIId were analyzed by gel images of CBB stain-
ing and autoradiogram, respectively (Fig. 1C). By the analysis,
more than 90 phosphorylated spots were observed. Of these,
32 proteins were CaMKIId-dependently phosphorylated and
11 of them were detectable by CBB staining. Six of the 11 were
derived from HeLa cell extracts. From separation quality of
the CBB-staining spots, two HeLa proteins (marked in
Fig. 1C) strongly phosphorylated were selected as candidate
substrates and then were used for peptide mass ﬁngerprinting
by MALDI-TOF-MS. The data from each spot were submit-
ted to MS-Fit. Seventeen and 11 of the 30 submitted ions were
matched to theoretical tryptic peptides from eIF4B and STIP1,
respectively (Fig. 2). The molecular weight of STIP1 and
eIF4B were calculated as 62.6 and 69.1 kDa, respectively.
These corresponded to the size of each spot on the 2D-gel.
Although in vitro phosphorylation of STIP1 and eIF4B by
some protein kinases has been reported [12–14], the two pro-
teins are new candidate substrates of CaMKIId.3.3. Conﬁrmation of STIP1 and eIF4B phosphorylation
In the next step, an in vitro kinase assay was used to examine
whether CaMKIId directly phosphorylates the two proteins.
For this, STIP1 and eIF4B genes were cloned from cDNAs
prepared from total RNA of HeLa cells, and were fused with
bls at its N-terminus by split-primer PCR (see Section 2) for
simple puriﬁcation. After cell-free protein production, each
product was biotinylated, and was puriﬁed by using streptavi-
din-conjugated magnetic beads. In vitro kinase assays were
performed by which the puriﬁed CaMKIId and substrate pro-
teins were incubated with radiolabeled ATP, and then con-
ﬁrmed direct phosphorylation of STIP1 and eIF4B by
CaMKIId (Fig. 3A). The molecular weight of STIP1 and
eIF4B, calculated as 62.6 and 69.1 kDa, respectively, were cor-
responded to the size of each spot on the 2D-gel. These data
show that STIP1 and eIF4B are new in vitro substrates for
CaMKIId.3.4. Mutational analysis of STIP1 for identiﬁcation of the site
phosphorylated by CaMKIId
Although there is little known about the biological eﬀect of
phosphorylation of eIF4B, it is suggested that phosphorylation
of Ser422 by p70S6K interferes with translation initiation
in vivo[15]. A phosphorylation site in human STIP1 has been
reported to be Y354 [16], but it is not known about Ser/Thr
residues. However, phosphorylation on Ser189 and Thr198
has been found in its mouse homolog, murine stress-inducible
protein 1 (mSTI1), and has been suggested that these two
phosphorylations control nuclear transport [12]. To further
understand the functions of CaMKIId with respect to the sub-
strate proteins, we performed mutational analysis to identify
the phosphorylation site(s) of STIP1 and eIF4B by CaMKIId.
The Ser or Thr residues known as phosphorylation sites in
STIP1 and eIF4B were mutated to alanine, and then the point
mutants were used for the in vitro kinase assay. There was no
eﬀect on the phosphorylation of six eIF4B mutants (S93A,
S422A, S425A, S498A, S504A, S597A, data not shown). How-
ever, the mutational analysis of STIP1 showed that Ser189 was
Fig. 2. MALDI-TOF-MS spectra of tryptic digests of candidate substrates. Two candidate substrate spots (A and B; indicated by arrows in Fig. 1C)
were excised from 2-DE gel and were digested with trypsine. The resulting peptides were analyzed using MALDI-TOF-MS. The two candidate
CaMKIId substrates were identiﬁed as STIP1 and eIF4B from the MS-Fit results.
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mutant was phosphorylated by CaMKIId (Fig. 3B).
3.5. In vivo phosphorylation of STIP1 by CaMKIId promotes
nuclear translocation
To examine the in vivo phosphorylation of STIP1 by CaM-
KIId, we constructed constitutively active (CA) or kinase dead(KD) mutants of CaMKIId. The in vitro phosphorylation of
STIP1 by puriﬁed CA or KD mutants showed that CA mutant
phosphorylated STIP1 even in the absence of Ca2+/calmodu-
lin, whereas KD mutant had no kinase activity (Fig. 4A).
We utilized the phos-tag gel system to monitor the in vivo pro-
tein phosphorylation as shifted bands [17]. HeLa cells were
transfected with FLAG-STIP1 and co-transfected with empty
Fig. 3. In vitro kinase assay with STIP1 and eIF4B and identiﬁcation
of phosphorylation site on STIP1. (A) The STIP1 and eIF4B genes
were cloned from HeLa cDNAs and the gene products synthesized as
bls fused protein using the cell-free system. The two biotinylated
proteins were puriﬁed using streptavidin-conjugated magnetic beads,
then the beads were suspended in reaction mixture containing
CaMKIId (or DHFR as a control), [c-32P]ATP, Ca2+ and calmodulin
and incubated at 30 C for 30 min. After washing, proteins were
separated by 12.5% SDS–PAGE and results were visualized by
autoradiography. (B) Biotinylated STIP1 mutant (S189A) was synthe-
sized by the cell-free system and was used in the in vitro kinase assay.
Fig. 4. In vivo phosphorylation of STIP1 and nuclear localization of
STIP1 by expression of constitutively active CaMKIId. (A) Biotinyl-
ated STIP1 was puriﬁed using streptavidin-conjugated magnetic beads,
then the beads were suspended in reaction mixture containing puriﬁed
CA or KD CaMKIId mutants as described in Fig. 3. (B) HeLa cells
were transfected with FLAG-STIP1 and co-transfected with empty
vector (EV) or constitutive active (CA) or kinase dead (KD) CaMKII
constructs. After 24 h, cell lysates were treated or untreated with calf
intestine alkaline phosphatase (CIAP) and separated by phos-tag
acrylamide gel, followed by immunoblotting with anti-FLAG anti-
body. (C) HeLa cells were transfected with FLAG-STIP1 and co-
transfected with EV or CA or KD CaMKIId constructs. After 24 h,
cells were ﬁxed, permeabilized and immunostained with anti-FLAG
(M2) antibody and subsequently stained with 4 0,6-diamino-2-phenyl-
indole (DAPI), and then subjected to ﬂuorescent microscopy.
T. Masaoka et al. / FEBS Letters 582 (2008) 1795–1801 1799vector (EV) or CA or KD mutants of CaMKIId, After 24 h
following transfection, cell lysates were subjected to phos-tag
gel analysis. As indicated in Fig. 4B, signiﬁcant band shift,
indicative of phosphorylated STIP1, was observed in cells
transfected with CA, but neither EV nor KD (left panel). This
shift was signiﬁcantly reduced when cell lysates were treated
with calf intestine alkaline phosphatase (right panel), indicat-
ing that CaMKIId can phosphorylate STIP1 in vivo. We next
address the biological eﬀect of STIP1 phosphorylation by
CaMKIId. Immunoﬂuorescent analysis revealed that STIP1
is selectively localized at the nuclei in CA expressing cells, as
detected by DAPI stain, while it was mainly localized in cyto-
plasm and cell periphery in EV or KD expressing cells
(Fig. 4C). Cell viability and morphology were not signiﬁcantly
changed in transfected cells. The Ser189 in STIP1 was previ-
ously reported as a phosphorylation site of Casein kinase II
(CKII). However, expression of EV and KD mutant showed
cytoplasmic and cell-peripheral localization of STIP1 in the
cell. Furthermore, treatment with speciﬁc CKII inhibitor
(5,6-dichlorobenzimidazole 1-b-D-ribofuranoside) had no ef-
fect on the cytoplasmic distribution of mSTI1 [12]. Taken to-
gether, these data suggest that CKII in these cells may not
be a crucial regulator of STIP1 localization to the nucleus.These results indicate that the phosphorylation of STIP1 by
CaMKIId exerts the nuclear translocation of STIP1 for certain
biological function.4. Discussion
STIP1 interacts with Hsp70 and Hsp90 at its N and C ter-
mini in the cytoplasm as a co-chaperone, and can modulate
the chaperone activities of these Hsps [18,19]. It is also known
that STIP1 may be an important component in the oligomer-
ization of heat-shock transcription factor (HSF1) complex in
the nucleus [20]. STIP1 localizes predominantly cytoplasmic
under normal growth conditions, and it might move between
cytoplasm and nucleus under certain cell cycle conditions
[12]. Phosphorylation of mSTI1, the mouse homologue of hu-
man STIP1, at Ser189 and Thr198 by cell cycle kinases (CKII
and cdc2 in vitro, respectively) may modulate nuclear import
and export in vivo [12]. In a recent report, STIP1 translocated
to the nucleus in response to heat shock [21]. Interestingly, it
has also been found that heat shock response was increased
1800 T. Masaoka et al. / FEBS Letters 582 (2008) 1795–1801concentration of the intercellular Ca2+ in a variety of cells [22].
These observations lead to speculation that CaMKIId might
induce nuclear translocation of STIP1 in response to heat
shock. In this study, we identiﬁed that the CaMKIId phos-
phorylated STIP1 at Ser189 in HeLa cells and also conﬁrmed
that co-transfection with CA-CaMKIId promotes STIP1 nu-
clear localization. The results suggest that calcium signals via
CaMKIId may regulate subcellular localization of STIP1.
In the case of eIF4B, phosphorylation by S6KI, PKC, PKA,
CKI, CKII and PAKI has been reported in vitro [13,14]. The
known phosphorylation sites of human eIF4B are Ser93 [23],
Ser422 [15], Ser425 [24], Ser498 [23] and Ser504 [23]. Ser597
phosphorylation is also known in the mouse homolog eIF4B
[25]. The inﬂuence of phosphorylation on eIF4B is not well
understood, but it is suggested that phosphorylation of
Ser422 by S6KI interferes with translation initiation
in vivo[15]. Although we conﬁrmed that eIF4B was phosphor-
ylated by CaMKIId in vitro, the phosphorylation site(s) and
physiological role of CaMKIId phosphorylation remain to
be elucidated.
In recent years, studies of phosphorylation signaling have
evolved dramatically and various approaches have been tried
to elucidate phosphorylation signaling pathways. However,
identiﬁcation of kinase substrates has been hampered by diﬃ-
culties in synthesizing suﬃcient quantities of functionally ac-
tive recombinant proteins for biochemical analysis. Although
peptide screens allow rapid characterization of the preferred
primary sequence for phosphorylation by a kinase, these as-
says are plagued by a potential lack of speciﬁcity. In this study,
we attempted to screen CaMKIId substrates from HeLa cell
extracts by using crude kinase expressed in the wheat germ
cell-free system. Using this system, we have successfully identi-
ﬁed STIP1 and eIF4B as new phosphorylation target proteins.
This new strategy, which can use crude kinase for screening,
provides a simple and easy way to facilitate analysis of sub-
strates for protein kinases. Because of the utilization of natural
substrates, substrate speciﬁcity is more similar to the physio-
logical reaction than when using peptides and denatured pro-
teins. In addition, the use of crude kinases in the screening
not only facilitates preparation of the kinase of interest but
also may decrease the risk of deactivation of kinases suﬀered
by screens utilizing kinases with puriﬁcation tags or which
have gone through puriﬁcation processes. In the method de-
scribed here the number of candidate substrate spots could
be increased by applying, for example, ﬂuorescent staining or
silver staining which are more sensitive than CBB staining.
Overlap pH isoelectric point electrophoresis and use of phos-
pho-protein enrichment columns may also be of use in increas-
ing the number of candidates. Although our approach has
proven eﬀective, some issues still need to be addressed and
these include: (i) ensuring that the protein kinase is in the ac-
tive form. (ii) Phosphorylation cannot be detected when the
protein has already been phosphorylated in the cell, even if it
is a physiological substrate. (iii) Proteins that have a remark-
ably biased pI such as nuclear receptor are outside the range
of isoelectric focusing. (iv) Low abundance proteins are very
diﬃcult to detect.
We have therefore conﬁrmed that phosphorylation sub-
strates of CaMKIId can be detected using cell-free synthesized
crude kinase without any puriﬁcation and that the wheat cell-
free system could produce functionally active kinases. These
experiments indicate that our simple approach based on awheat cell-free system is a useful tool for easy screening for
substrate proteins of protein kinases in cell extracts.
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